Skin sensitivity is a serious problem for many people, and it can be induced by various factors such as UV irradiation, physical and mental stresses, air pollution, dry air and so on. Skin dryness triggered by UV and dry air is one of the most important causes inducing the development of sensitive skin, and it has been reported that oxidative stress contributes to skin dryness. In this study, we investigated whether treatment with 3-O-laurylglyceryl ascorbate (VC-3LG), which is an amphipathic ascorbic acid derivative, can suppress the development of sensitive skin. The results demonstrate that VC-3LG restores the expression levels of interleukin-1α, nerve growth factor and matrix metalloprotease-9 in the dry skin models of reconstructed human epidermal equivalents (RHEEs) and in H 2 O 2 -treated keratinocytes. In addition, VC-3LG suppresses the dendrite elongation of nerve cells induced in RHEEs by dry skin conditions and by H 2 O 2 treatment of keratinocytes. Therefore, we consider that treatment of the skin with VC-3LG is an effective approach to improve the development of sensitive skin.
| INTRODUC TI ON
Sensitive skin is characterized with a skin condition which has hypersusceptibility to sensory input from extrinsic stimuli. Approximately 70% of the world's population currently suffers from sensitive skin. [1] People who have sensitive skin have uncomfortable feelings such as stinging and itching when topically applying substances such as cosmetics. A characteristic of sensitive skin has been identified as follows. In sensitive skin, sensory nerve fibres, termed c-fibres, elongate into the epidermis beyond the basement membrane due to a higher secretion of nerve growth factor (NGF) from keratinocytes. [2] In general, the elongation of c-fibres is regulated by the balance of axonal guidance molecules, such as NGF and semaphorin3A (Sema3A), which is a nerve repulsion factor. [2, 3] In addition, since sensitive skin has an impaired barrier function in the stratum corneum (SC), [4] extrinsic stimuli can easily encounter the tips of the elongated c-fibres. Further, the impaired barrier function results in skin dryness. [5] Recently, epidemiological studies have reported that carbonylated proteins (CPs) in the SC correlate with skin dryness. [6] Furthermore, interleukin-1α (IL-1α) and CPs were detected at high frequencies in the SC of dry skin in the winter season. [7] Based on these facts, it was hypothesized that skin dryness is one of the causes that increase susceptibility to hyper-sensitive skin, and that oxidative stress to keratinocytes also contributes to that process.
The aim of this study was to clarify the mechanism underlying the development of sensitive skin focusing on oxidative stress to keratinocytes, and to demonstrate whether antioxidants can improve the development of sensitive skin. In this study, we used 3-O-laurylglyceryl ascorbate (VC-3LG) as a candidate antioxidant, because we previously found that VC-3LG enhances the intracellular anti-oxidation system by activating the signalling of peroxisome proliferator-activated receptor-γ (PPAR-γ) and nuclear factor E2-related factor-2 (Nrf2). [8] 2 | ME THODS
| Reagents
VC-3LG was synthesized and analysed by SEIWA KASEI CO., LTD.
(Osaka, Japan 
| Cell culture
Normal human epidermal keratinocytes (NHEKs) were purchased from Kurabo (Tokyo, Japan) and were cultured in HuMedia-KG2
(Kurabo) at 37°C in a 5% CO 2 atmosphere. Reconstructed human epidermal equivalents (RHEEs, LabCyte EPI-MODEL 12) were purchased from Japan Tissue Engineering (Aichi, Japan) and were cultured in attachment medium at 37°C in a 5% CO 2 atmosphere. PC12 cells were obtained from the Riken Cell Bank (Ibaraki, Japan) and were cultured in DMEM with 10% FBS and 5% HS at 37°C in a 5% CO 2 atmosphere.
| The effect of oxidative stress on NHEKs
Normal human epidermal keratinocytes were seeded in 48-well forward: 5′-AATCTCTTCTAGAGACTGGGAAGGAG -3′, MMP-9
reverse: 5′-AGCTGATTGACTAAAGTAGCTGGA -3′, GAPDH forward: 5′-TGCACCACCAACTGCTTAGC -3′, GAPDH reverse: 5′-GGCATGGACTGTGGTCATGAG -3′. For protein quantification, the supernatants of cells were used to measure levels of IL-1α and NGF proteins using ELISA assays. In addition, the protein concentrations of cells were determined using a BCA protein assay kit.
| The effect of skin dryness on RHEEs
Reconstructed human epidermal equivalents were incubated for 24 hours after treatment with or without samples on the surface of the SC. The RHEEs were exposed to dry air prepared with a CaCl 2 -filled ampoule for 1 hour [9] and were then incubated with fresh medium for 24 hours, after which mRNA and protein levels were quantified according to the above-mentioned methods.
| The elongation of dendrites of nerve cells by oxidative stress or skin dryness
After pre-culture with or without samples for 24 hours, NHEKs were treated with or without 0.4 mmol/L H 2 O 2 for 1 hour. After cells were cultured for another 24 hours in fresh medium, the conditioned medium (CM) was collected. RHEEs topically treated with or without samples were cultured for 24 hours, and then were exposed to dry air prepared with CaCl 2 for 1 hour. RHEEs were then incubated with fresh medium for 24 hours, and the medium was collected as the CM. PC12 cells (4 × 10 3 cells/well) were seeded in 96-well plates in DMEM containing 10% FBS and 5% HS. The DMEM was then exchanged for the CM, and the PC12 cells were incubated 48 hours.
After the incubation, the dendrites of PC12 cells were observed using microscopy (CKX41; Olympus, Tokyo, Japan).
| Statistical analysis
All data are expressed as means ± SD. Comparisons between two groups were performed by Student's t test. A P-value of <0.05 is considered statistically significant.
| RE SULTS

| Influence of oxidative stress on the development of sensitive skin
We first examined the influence of oxidative stress on the development of sensitive skin. H 2 O 2 -treated NHEKs had increased levels of IL-1α and NGF secretion, and up-regulated mRNA expression levels of NGF and MMP-9 compared with non-treated cells (Figure 1 ). On the other hand, the increases of those expression levels elicited by H 2 O 2 were significantly reduced by VC-3LG treatment (Figure 1 ).
| Influence of dry stress on the development of sensitive skin
In order to investigate the influence of skin dryness on the development of sensitive skin, we established a dry skin model prepared by exposing the surface of RHEEs to dry air. [9] In the dry skin model, we observed significantly increased secretion of IL-1α and NGF, and upregulated expression levels of NGF and MMP-9 mRNAs (Figure 2 ).
Treatment with VC-3LG significantly reduced the expression levels of IL-1α, NGF and MMP-9 in the RHEE dry skin model (Figure 2 ).
| Influence on elongation of dendrites in nerve cells
One characteristic on the development of sensitive skin is the elongation of nerve fibres. In this study, we investigated the influence of the elongation of dendrites in nerve cells by oxidative stress and by skin dryness. Although the dendrites of PC12 cells, which is one model of nerve fibres, [10] was elongated by the CM of H 2 O 2 treated NHEKs and of dry skin RHEEs compared with non-treated cells ( Figure 3A ,B,D,E), the pre treatment of VC-3LG
in NHEKs and RHEEs markedly inhibited the elongation of dendrites in PC12 cells ( Figure 3C,F) .
| D ISCUSS I ON
Throughout the world, many people suffer from sensitive skin, and their quality of life is much reduced due to uncomfortable feelings such as stinging and itching. To date, many reports about the characteristics of sensitive skin have been published. Sensitive skin has an impaired barrier function of epidermis compared with healthy skin, [4] which in turn causes skin dryness. [5] Senile xerosis, which is characterized by extremely dry skin and severe itching in the extremities, showed lower amounts of ceramides in the SC compared with young skin. [11] Corneocytes from dry skin showed a higher ratio of IL-1 receptor antagonist/IL-1α than those from normal skin.
F I G U R E 1 Influence of H 2 O 2 on (A) interleukin-1α protein, (B) nerve growth factor (NGF) protein, (C) NGF mRNA and (D) matrix metalloprotease-9 mRNA expression levels of normal human epidermal keratinocytes (NHEKs) treated with or without 3-O-laurylglyceryl ascorbate (VC-3LG).
NHEKs were seeded in 48-well or 96-well plates in HuMedia-KG2. After pre-culture with or without 10 μmol/L VC-3LG for 24 h, NHEKs were exposed to 0.4 mmol/L H 2 O 2 for 1 h. The cells were then incubated in fresh HuMedia-KB2 for 6 or 24 h, after which mRNA expression levels were measured using real-time PCR analysis, and protein expression levels were measured using ELISA assays. Bars express means ± SD (n = 3). *P < 0.05, **P < 0.01 indicates a significant difference between groups 
F I G U R E 2 Influence of skin dryness on (A) interleukin-1α protein, (B) nerve growth factor (NGF) protein, (C) NGF mRNA and (D) matrix metalloprotease-9 mRNA expression levels of reconstructed human epidermal equivalents (RHEEs) treated with or without 3-O-laurylglyceryl ascorbate (VC-3LG).
RHEEs were incubated for 24 h after treatment with or without 10 μmol/L VC-3LG on their surface. The RHEEs were exposed to dry air prepared with CaCl 2 for 1 h and were then incubated with fresh medium for 24 h, after which mRNA expression levels were measured using real-time PCR analysis, and protein levels were measured using ELISA assays. Bars express means ± SD (n = 3). *P < 0.05, **P < 0.01 indicates a significant difference between groups It has been demonstrated that IL-1α is secreted at high levels in dry skin. In fact, it was found that the secretion of IL-1α is increased in an artificial dry skin model. [9] Also, IL-1α is a proinflammatory cytokine and stimulates ROS synthesis through the activation of IL-1 receptor-associated kinase-1. [12] On the other hand, CPs, which are the end-products of reactions between reactive aldehyde compounds yielded from lipid peroxidation and proteins, in the SC significantly increase in the winter season, [7] and CPs in the SC are positively correlated with TEWL. [6] Furthermore, it has been reported that CPs are observed in the entire epidermis of the dry skin model indicating that there is an increase of ROS in dry skin.
Gathering these facts, it was suggested that skin dryness induces oxidative stress in the epidermis.
On the other hand, it is known that NGF is a regulator of the elongation of c-fibres, which respond to extrinsic stimuli. In atopic dermatitis, the elongation of c-fibres into the epidermis is caused by the excessive secretion of NGF. [2] Furthermore, it has been reported that c-fibres exist at a higher density in the epidermis of patients with psoriasis. [13] NGF levels in epidermis with an impaired barrier function disrupted by acetone treatment and tape stripping or treated with IL-1α were up-regulated. [14] [15] [16] Based on these facts, it was suggested that skin dryness induces the excess secretion of NGF possibly due to the induction of oxidative stress. Therefore, we focused on NGF expression to assess the contribution of oxidative stress to the development of circumstances allowing the susceptibility to skin hyper-sensitivity.
In this study, it was found that the dry skin model of RHEEs had Regarding the development of c-fibres, a role for MMP-9 was speculated as follows: MMP-9 degrades components of the basement membrane including laminin 5 and type IV and VII collagens. [17] Thus, MMP-9 facilitates the invasion of c-fibres into the epidermis through the basement membrane.
The sum of these results suggests that oxidative stress is one candidate that allows the susceptibility to hyper-sensitive skin, and suggests that the application of antioxidants on the skin could improve or prevent that condition. A previous study reported that VC-3LG, which is an AsA derivative, has an effective antioxidant ability through activation of the PPAR-γ-Nrf2 pathway. [8] In this study, we found that VC-3LG reduces the secretion of IL-1α and NGF, and down-regulates NGF and MMP-9 mRNA expression in the dry skin RHEE model and in NHEKs treated with H 2 O 2 ( Figures 1   and 2 ). Furthermore, VC-3LG suppressed the elongation of axons in PC12 cells cultured with CMs from the dry skin RHEE model or from After pre-culture with or without 10 μmol/L 3-O-laurylglyceryl ascorbate (VC-3LG) for 24 h, normal human epidermal keratinocytes were exposed to H 2 O 2 for 1 h. After cells were cultured for another 24 h in fresh medium, the conditioned medium (CM) was collected.
Reconstructed human epidermal equivalents (RHEEs) topically treated with or without 10 μmol/L VC-3LG were cultured for 24 h, and then were exposed to dry air prepared with CaCl 2 for 1 h. RHEEs were then incubated with fresh medium for 24 h, and the medium was collected as CM. PC12 cells were seeded in 96-well plates in Dulbecco's modified Eagle's medium (DMEM) containing 10% foetal bovine serum and 5% horse serum. The DMEM was then exchanged for the CM, and the PC12 cells were incubated 48 h. After the incubation, the dendrites of PC12 cells were observed using microscopy. NHEKs treated with H 2 O 2 ( Figure 3C,F) . These results suggest that VC-3LG improves sensitive skin by down-regulating NGF due to the reduction of oxidative stress.
Taken together, we conclude that treatment with antioxidants is an appropriate approach to prevent and improve sensitive skin mostly caused by UV and dry air and that VC-3LG is an effective antioxidant to treat sensitive skin.
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